Aims: To assess the pharmacokinetics/pharmacodynamics (PK/PD) of dapagliflozin, a sodiumglucose co-transporter 2 inhibitor that increases urinary glucose excretion (UGE) and its major metabolite, dapagliflozin-3-O-glucuronide (D3OG), in Japanese patients with type 1 diabetes (T1D) and inadequate glycaemic control (HbA1c 7%-10%). Results: A total of 42 randomized patients received dapagliflozin or placebo. PK variables increased in a dose-dependent manner. D3OG was generated rapidly, with a median time to maximum plasma concentration of 2.0 hours (1.0-3.0). The dapagliflozin dose-UGE relationship was attenuated, with larger insulin dose reductions than anticipated. Mean percent (standard error) changes in total daily insulin dose from baseline to Day 7 were − 36.86% (3.32), −39.13% (2.68) and − 4.97% (5.28) for dapagliflozin 5 mg and 10 mg and for placebo, respectively. No DKA was reported. AEs were consistent with the established dapagliflozin safety profile. There was no increase in hypoglycaemia.
| INTRODUCTION
The Japan Diabetes Society recommends a glycaemic goal of HbA1c less than 7.0% for Japanese patients with any type of diabetes to prevent complications. 1 Intensive insulin treatment is required in patients with type 1 diabetes (T1D); however, this is often associated with sustained increases in body weight, dyslipidaemia, hypoglycaemia and insulin resistance. [2] [3] [4] Despite advances in insulin therapy, some patients with T1D cannot achieve recommended goals. 5 For optimal glycaemic control, it has been of importance to assess the potential use of treatments as adjunct to insulin in patients with T1D.
Dapagliflozin is a potent sodium-glucose co-transporter-2 (SGLT-2) inhibitor that reduces blood glucose through an insulin-independent mechanism, with a reduction in renal glucose reabsorption accompanied by an increase in urinary glucose excretion (UGE). 6 It was approved as a once-daily oral treatment for patients with type 2 diabetes (T2D) in Japan in 2014. 7 In patients with T1D, dapagliflozin treatment has been shown to involve a dose-dependent increase in UGE, resulting in dose-dependent reductions in mean blood glucose over 24 hours, 8 but it is not currently approved for use in T1D.
In a Phase III study of predominantly Caucasian patients with inadequately controlled T1D, the DEPICT-1 study (NCT02268214), dapagliflozin as adjunct to adjustable insulin therapy improved glycaemic control without increasing the risk of hypoglycaemia. 9 Data from the DEPICT-1 and DEPICT-2 studies at 24 weeks showed that dapagliflozin was associated with a significant reduction in HbA1c, total daily insulin dose and body weight, as well as with improvements in several continuous glucose-monitoring parameters in patients with T1D. 9, 10 Participants in the DEPICT-1 study also showed improvement in glycaemic control up to 52 weeks following dapagliflozin administration.
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Although no notable difference in the pharmacokinetics (PK) or pharmacodynamics (PD) of dapagliflozin, (assessed by UGE), has been observed in Caucasian vs Japanese patients with T2D, differences in response to treatment between these ethnic groups with T1D remains to be explored. 12 The aim of this study was to assess the PK and PD of dapagliflozin and its major metabolite, dapagliflozin-3-Oglucuronide (D3OG), in Japanese patients with T1D and inadequate glycaemic control (HbA1c > 7%).
| MATERIALS AND METHODS

| Study design
This was a Phase Ib randomized, single-blind, three-arm, placebocontrolled study (ClinicalTrials.gov NCT02582840) to characterize the PK and PD of dapagliflozin and D3OG in Japanese patients with T1D
and inadequate glycaemic control. The study was conducted at a single centre, SOUSEIKAI Hakata Clinic in Fukuoka, Japan, in accordance with the Declaration of Helsinki and consistent with the International Conference on Harmonization (ICH)/Good Clinical Practice (GCP).
The study was approved by an Institutional Review Board and independent ethics committees. All participants provided written informed consent. Parents or legal guardians of patients between 18 to less than 20 years of age were requested to sign and date assent forms.
| Study participants
Japanese men and women (18-65 years) with inadequately controlled T1D (HbA1C, 7%-10% at screening) who had undergone adjustable insulin treatment (total insulin dose ≥0.3 IU/kg/d for ≥3 months prior to screening) for at least 12 months prior to enrolment were included.
The method of insulin administration must have been unchanged for at least 3 months prior to enrolment, and participants must have had fasting C-peptide less than 0.7 ng/mL and a body mass index between at least 20-35 kg/m 2 . If patients were undergoing multiple daily insulin injection therapy, they must have been using at least three injections/day. 
| Study medications and procedures
Eligible patients were randomized (1:1:1) to receive dapagliflozin 5, 10 mg or matched placebo, all of which were administered orally once daily in the morning and as as adjunct to adjustable insulin, for 7 days. Participants were advised to adjust insulin dose as required following self-monitoring of blood glucose (SMBG) between screening and end of the follow-up period, but they were not allowed to change the method of insulin administration during the study. It was recommended that participants self-monitor their blood glucose at least 7 times/day during the treatment period, generally before and after breakfast, lunch and dinner and at bedtime. In the event of suspected hypoglycaemia, patients were to report blood glucose values and/or signs and symptoms to the investigators. 
| Statistical analysis
Demographic and other baseline characteristics were analysed descriptively by treatment group and overall. PK analyses were carried out on all randomized patients who received at least one dose of study mediation and for whom evaluable data concerning dapagliflozin and/or D3OG plasma concentration were available. PD analyses were carried out for all randomized participants who received at least one dose of study medication, who had a non-missing baseline value, and who had at least one post-baseline value for at least one PD variable. Treatment outcomes were summarized by treatment group. All analyses were performed using ICON CR with Statistical Analysis System (SAS).
3 | RESULTS
| Patient disposition
Of a total of 62 patients enrolled, 17 patients did not meet inclusion criteria and three patients withdrew. Of these 42 randomized patients, 14 were included in each treatment group. All 42 patients were included in the PD analysis set. In the PK analysis set, four patients in the 5 mg group and four in the 10 mg group were not considered evaluable for PK analysis following an incident related to the anticoagulant coating of the laboratory sampling tubes which were then recalled. Ten patients each from the dapagliflozin 5 and 10 mg groups were included in the PK analysis set. Of the 42 randomized patients, 100% completed the seven-day treatment period.
Baseline characteristics and demographics were generally balanced among the three treatment groups. There were more women than men in the dapagliflozin 5 mg and placebo groups, and equal numbers in the dapagliflozin 10 mg group. At baseline, the majority (62%) of participants had an eGFR corresponding to normal renal function (≥90 mL/min/1.73m
2 ), while the remaining 38% of participants had an eGFR corresponding to mild renal impairment (≥60 and <90 mL/min/1.73m 2 ). Baseline eGFR is shown in Table 1 . A higher mean FPG was observed in the dapagliflozin 5 mg group compared with the other arms ( Table 1 ). All participants were Japanese.
| Primary endpoints
Dapagliflozin and D3OG exposure increased in a dose-dependent manner ( Figure 1A,B) . There was a dose-dependent increase in C max , C min and AUCτ following dapagliflozin administration (Table 2 ). Dapagliflozin was absorbed rapidly (t max 2.0 hours [1.0-3.0]) and D3OG
was generated rapidly. The mean ratio of the AUCτ of D3OG to the AUCτ of dapagliflozin was 0.8 and 0.7 in the dapagliflozin 5 mg and 10 mg groups, respectively ( Table 2) .
Mean 24-hour UGE increased from baseline following dapagliflozin administration, with a numerically greater increase in the dapagliflozin 10 mg group. No notable change was observed in the placebo group (Table 3) .
| Secondary endpoints
Mean percent (SE) changes in total daily insulin dose from baseline to Day 7 in the dapagliflozin arms were larger than expected: −36.86% ; HbA1c, glycated hemoglobin; SBP, systolic blood pressure; SD, standard deviation; SMBG, self-monitored blood glucose. a Participants in the PD analysis set with non-missing baseline value and at least one post-baseline value. 10 mg and for placebo, respectively. At Day 13, the total daily insulin dose approached baseline values (Table 4 ).
There were mean decreases (SD) in FPG from baseline to Day 7 of −10.4 (62.1) and −13.1 (44.7) mg/dL in the dapagliflozin 5 mg and 10 mg groups, respectively, compared with a mean increase of 11.0 (41.3) mg/dL in the placebo group (Table S1 ). There were minor differences in mean change of seated SBP over the seven-day period between the treatment and placebo groups (data not shown).
| Exploratory endpoint
Baseline SMBG readings are given in Table 1 UGE from baseline to Day 7 was stratified by average 7-point SMBG on Day 7 (mean < 180 or ≥ 180 mg/dL), a clearer dapagliflozin dosedependent response with respect to UGE was seen (Table S3 ).
There was a slightly greater decrease in total daily insulin dose in the dapagliflozin 10 mg group in the stratum with a 7-point SMBG ≥180 mg/dL than <180 mg/dL on Day 7 (Table S3 ). The study was not large enough to ensure balance of baseline characteristics and average 7-point SMBG on Day 7.
| Safety assessments
Two (14.3%) patients experienced at least one AE in the dapagliflozin 5 mg group, five (35.7%) in the 10 mg group and one (7.1%) in the placebo group, but all AEs were mild or moderate in intensity (Table S2) .
AEs considered to be related to study medication were reported in two (14.3%) and three (21.4%) patients in the dapagliflozin 5 mg and 10 mg groups, respectively. Thirst was the most common related AE; this was higher in the 10 mg group than in the 5 mg group (four patients [21.4%] and one patient [7. 1%], respectively). Pollakiuria was observed in both dapagliflozin arms (14.3% [n = 2] in each). No AE was considered serious. Hypoglycaemia, including severe, documented, asymptomatic, probable asymptomatic and relative, was reported by 14 (100%) patients in both the dapagliflozin 10 mg and the placebo groups. In the dapagliflozin 5 mg group, episodes of hypoglycaemia were reported by 12 (85.7%) patients. There were no episodes of severe hypoglycaemia in any treatment group (Table S2) . No AE, no episode of hypoglycemia, or any event adjudicated as DKA led to discontinuation of the study or to medication. There were no deaths during the study.
| Laboratory assessments
Mean changes in potassium, calcium and chloride from baseline to 
| DISCUSSION
This study characterized the PK/PD profile of dapagliflozin in Japanese patients with T1D. The PK profile of dapagliflozin in this population was consistent with that seen in Caucasian patients with T1D. 8 Dose-dependent increases in C max and AUCτ were observed for both dapagliflozin and D3OG. The ratio of the metabolite/parent compound was within the expected range in patients with T1D. 8 In Japanese patients with T1D in this study, the dapagliflozin dose-UGE relationship was attenuated, which was unanticipated based on previous studies in T1D and T2D. The inhibition of urinary glucose reabsorption associated with dapagliflozin administration in Japanese patients with T1D was expected to produce dosedependent glucose lowering similar to that previously observed in both healthy Japanese participants and those with T2D.
14 Insulin dose reductions of more than 30% were seen in the Japanese patients with T1D in both dapagliflozin treatment groups in the present study. The reduction in insulin dose may have confounded were observed following administration of dapagliflozin 5 mg and 10 mg, respectively. 8 As reported by Henry et al., standardized diets and guidance on insulin dose adjustment took place during the inpatient treatment period and both patients and investigators were advised to adjust total daily insulin dose. 8 Dandona et al. monitored
carbohydrate intake, together with insulin adjustments, to monitor insulin reduction so that it would not fall below 20%, as this restriction has been recommended before titrating back to baseline levels. 9 This limit on dose reduction was suggested to minimize the risk of hypoglycaemia, and to avoid inappropriate ketogenic reductions in the global pivotal studies. In the present study, the risk of DKA was monitored when insulin dose was reduced more than anticipated. As may be expected from these reductions in insulin dose, there were small elevations in ketones and reductions in bicarbonate, but without clinical manifestations, and no DKA events were observed.
The endpoints, treatment period and the major inclusion and exclusion criteria of this study were designed to allow for an indirect comparison with other studies involving non-Japanese participants and participants with T2D. An exposure-response non-linear mixedeffect modelling approach was used to characterize the relationship between dapagliflozin and 24-hour UGE in this study and in an international study of patients with T1D. The methodology and results are presented by Sokolov et al. 8, 15 The model suggested that attenuation of the dose-response for UGE may be explained by the greater than expected reductions in insulin dose. 15 In addition, Sokolov et al. found
that Japanese and Caucasian patients with T1D had similar dapagliflozin exposure-response relationships.
Dapagliflozin was well-tolerated in Japanese patients with T1D, with all AEs being mild or moderate in intensity. No relevant changes in vital signs were observed throughout the course of the study.
Long-term safety studies are required to further assess this tolerability profile. A 52-week study has been conducted to evaluate the safety of dapagliflozin in Japanese patients with T1D. 16 This study had some limitations. The study design was singleblinded, with the investigator unblinded and assisting with insulin dose adjustments. In addition, the trial did not include an insulin optimization period. Non-hospitalized patients may not have adequately controlled their glucose levels. The exploratory analyses necessary to interpret data in context were conducted post-hoc, to which the usual cautions apply. 17 The greater reductions in insulin dose in this study, and the resulting difference in SMBG at Day 7, should be considered in interpreting PD results.
In conclusion, the PK profile of dapagliflozin in Japanese patients with T1D was consistent with that observed in Caucasian patients with T1D. PK variables increased in a dose-dependent manner. However, there was attenuation of the PD dose-response measured as UGE. Studies on the efficacy of dapagliflozin in Japanese patients with T1D are required to support the favoured dose as adjunct to insulin therapy in this population. The safety profile of dapagliflozin in this study was consistent with previous studies.
